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ABSTRACT 
 
There is ample evidence that polymer brushes reduce friction between surfaces. Several 
industrial applications take advantage of this fact, such as those in plastic bag production, 
where the brushes act as slip agents; however, the complex mechanisms that give rise to such 
reduction of friction are not yet fully understood. In this work we report coarse grained, 
dissipative particle dynamics simulations carried out for surfaces functionalized with 
erukamide brushes, a polymer commonly used in the plastics industry as a slip agent between 
surfaces. We calculate their rheological properties, such as the coefficient of friction (COF) 
and the viscosity, η, as functions of the number of chains grafted on the surfaces under the 
influence of stationary, Couette flow. Moreover, we consider also the case when a fraction 
of the erukamide chains is not adsorbed and moves freely between the surfaces. We show 
that the COF reaches an equilibrium value of about 0.29 in these two cases, in agreement 
with experimental results. On other hand, the viscosity grows monotonically, as a result of 
the increasing collisions when the erukamide content is increased. The force between brushes 
is found to be in agreement with predictions from scaling theories. We find that the addition 
to free chains helps stabilize the film formed by the brushes and the solvent, as others have 
found experimentally. The mechanisms that give rise to these phenomena are studied in 
detail.   
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I Introduction 
Polymer brushes grafted on solid substrates are important for industrial applications due to 
their ability to reduce friction between the substrates [1 – 3], and because they can improve 
colloidal stability [4]. Additionally, biocompatible polymer brushes have been used to mimic 
the lubrication conditions found in bones and synovial joints [5 – 7]; in fact, these brushes 
can be used to obtain coefficients of friction as small as 0.001 [8]. Films made of polymers 
typically have large values of the coefficient of friction (COF), which leads to high energy 
consumption during their manufacture and affects their applications, such as in bag 
production. To reduce the COF different types of slip agents are added to the polymer matrix 
before the extrusion process takes place [9, 10]. One of those agents is erukamide [11], a 
fatty acid that has been used successfully for many years as a friction reducing and anti – 
block agent [12 – 14]. Ramirez and coworkers studied the reduction of the COF in surfaces 
covered with low density polyethylene as a function of the erukamide concentration [15, 16], 
finding that the COF is gradually reduced as the erukamide concentration is increased, 
reaching a plateau at about 0.5 g/cm2. This value is in agreement with that found by Molnar 
[17] in surfaces of a resin of polyethylene with amides. It is generally agreed that the amides 
are uniformly distributed in the polymer matrix immediately after extrusion and, as the 
polymer cools, they migrate to the surfaces, forming polymer brushes that reduce the COF 
when chemical equilibrium is reached. What is not usually recognized is that during this 
process some of the amides desorb and become segregated in between the surfaces, reaching 
an approximately constant concentration at chemical equilibrium. Several experimental 
investigations [18 – 20] have reported that polymer brushes couple with the free chains, 
leading to the stability of the film between the surfaces. However, the detailed mechanisms 
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that give rise to the reduction of the friction coefficient are not fully understood yet, and 
numerical simulation can be a very useful tool in this respect. Among the techniques used to 
study the behavior of the COF in systems with polymer brushes are molecular dynamics [21, 
22], Brownian dynamics [23], and more recently, dissipative particle dynamics (DPD) [24 – 
26]. There are several studies of polymer brushes in contact with free polymer chains, using 
a variety of techniques [18 – 20, 27 – 31]. However, there are no reports to the best of our 
knowledge on the behavior of the COF in systems in which polymer chains are 
simultaneously forming brushes and segregate between surfaces, in the presence of the 
solvent. One exception is the work of Goujon and collaborators [26], but in their systems 
they reduced the number of grafted chains as the number of free chains was increased, 
resulting in a COF that grew with grafting density, in disagreement with experiments [15 – 
17]. In this work, we use DPD to model two flat, parallel surfaces covered with erukamide 
chains forming polymer brushes, on the one hand, immersed in air as a solvent, and calculate 
the COF and the viscosity as functions of the density of polymers grafted on the surfaces, 
under the influence of stationary, Couette flow. On the other, we add a fixed concentration 
of erukamide molecules not forming brushes to the previously described system, to model 
the migration and segregation process of these molecules toward the surfaces, as chemical 
equilibrium is reached. This is a novel aspect of the work reported here. The motivation for 
this study is twofold. Firstly, there are numerous industrial applications where it is necessary 
that the friction between surfaces be as small as possible so that films can easily slide past 
each other. Additionally, much remains to be understood from the point of view of basic 
science concerning the mechanisms that give rise to low friction coefficients and/or low 
viscosity values in many body systems, starting from molecular interactions. With those aims 
in mind, in Section II we present the essentials of DPD, the details of the simulations and the 
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systems we have studied. Section III is devoted to the presentation of our results and their 
discussion. Lastly, our conclusions are laid out in Section IV.  
II Models and Methods 
The interaction model used here is DPD [32, 33], where the particles or beads represent 
sections of momentum carrying fluid with a given number of molecules, which defines the 
coarse graining degree. The reasons for choosing DPD over other computational techniques 
are the relatively large scales, both in size and time that can be reached with it, making the 
predictions more comparable with experiments on soft matter systems. Additionally, the 
pairwise nature of the DPD forces preserves the hydrodynamic modes of the fluid, which is 
a most important aspect for the work reported here. There are recent reviews that highlight 
the many successful applications of DPD to both equilibrium and non-equilibrium situations 
[34, 35], therefore we shall be brief here. The total force on the DPD beads is made up of the 
sum of three forces, namely a conservative force (𝑭𝒊𝒋 
𝑪 ), a dissipative force (𝑭𝒊𝒋
𝑫), and a random 
one, (𝑭𝒊𝒋
𝑹), as expressed by equation (1):  
𝑭𝒊𝒋 = ∑ [𝑭𝒊𝒋 
𝑪 +  𝑭𝒊𝒋
𝑫   + 𝑭𝒊𝒋
𝑹  ]
𝑁
𝑖≠𝑗
.    (1) 
The conservative force is given by a soft, linearly decaying repulsive function, shown in 
equation (2): 
𝑭𝒊𝒋
𝑪 =  {
𝑎𝑖𝑗(1 − 𝑟𝑖𝑗)?̂?𝒊𝒋         𝑟𝑖𝑗 ≤ 𝑟𝑐
 0                                 𝑟𝑖𝑗 >  𝑟𝑐
 ,      (2) 
where rij = ri − rj, rij = |rij|, ?̂?𝒊𝒋 = rij/rij, rij is the magnitude of the relative position between 
particles i and j, and 𝑎𝑖𝑗 is the intensity of the repulsion between those particles. This 
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interaction constant depends on the coarse – graining degree [36]. The dissipative and the 
random forces are, respectively: 
𝑭𝒊𝒋
𝑫 =  −𝛾𝜔𝐷(𝑟𝑖𝑗)[?̂?𝒊𝒋 ∙  𝒗𝒊𝒋]?̂?𝒊𝒋                         (3) 
𝑭𝒊𝒋
𝑹 =  𝜎𝜔𝑅(𝑟𝑖𝑗)𝜉𝑖𝑗?̂?𝒊𝒋,                (4) 
where 𝜎 is the noise amplitude and 𝛾 is the friction coefficient and they are related as follows: 
𝑘𝐵𝑇 = 𝜎
2 2𝛾⁄ , where 𝑘𝐵  is Boltzmann’s constant and T the absolute temperature; vij = vi − vj 
is the relative velocity between the particles, and 𝜉𝑖𝑗 =  𝜉𝑗𝑖  is a random number uniformly 
distributed between 0 and 1 with Gaussian distribution and unit variance. The weight 
functions 𝜔𝐷  and 𝜔𝑅  depend on distance and vanish for r > 𝑟𝑐, and are chosen for 
computational convenience to be [33]: 
𝜔𝐷(𝑟𝑖𝑗) = [𝜔
𝑅(𝑟𝑖𝑗)]
2 = 𝑚𝑎𝑥 {(1 −
𝑟𝑖𝑗
𝑟𝑐
)
2
 , 0}.                        (5) 
All forces between particles i and j vanish when their relative distance is larger than a finite 
cutoff radius 𝑟𝑐, which represents the inherent length scale of the DPD model and it is 
regularly chosen as the reduced unit of length, 𝑟𝑐 = 1. The constants in equations (3) and (4) 
are chosen as  = 3 and  = 4.5, so that 𝑘𝐵𝑇 = 1, for all the cases reported in this work 
because those constants fix the thermostat, which should be the same for all types of brushes 
modeled here. In all our simulations we use a coarse – graining degree equal to three, which 
leads to 𝑎𝑖𝑖 = 78 for the interaction between particles of the same type; this sets the cutoff 
radius at 𝑟𝑐 = 6.46 Å [36]. For the interaction between solvent particles and the monomers 
that make up the polymeric brushes, see Table A1 in the Appendix for details. The interaction 
parameter is reduced using (𝑘𝐵𝑇 𝑟𝑐⁄ ). The systems modeled consist of monomeric solvent 
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particles and linear chains (see Fig. 1(a)) made up of eight monomers joined by freely rotating 
harmonic springs: 
𝑭𝑠𝑝𝑟𝑖𝑛𝑔(𝒓𝑖𝑗) = −𝜅0(𝑟𝑖𝑗 − 𝑟0)?̂?𝒊𝒋.    (6) 
In equation (6) the spring constant, 0, is set at 0 = 100.0 (kBT/rc2) and 𝑟0 = 0.7𝑟𝑐 in all cases 
[37], except for the double bond in the erukamide chain, see Fig. 1(a), which is modeled with 
0 = 10.0 (kBT/rc2), see the Appendix for details. These chains are physically adsorbed on 
parallel surfaces by one of their ends (see Fig. 1(b)), and they can also be freely moving in 
between those surfaces. The simulation box is flanked by effective square surfaces placed at 
the ends of the box, perpendicularly to the z – axis, i.e. at z = 0 and z = Lz. The force model 
for those surfaces is a simple, linearly decaying force law in the z – direction, given by: 
𝑭𝒘𝒂𝒍𝒍(𝑧𝑖) =  {
𝑎𝑤(1 − 𝑧𝑖 𝑧𝐶⁄ )?̂?         𝑧𝑖 ≤ 𝑧𝑐
 0                                    𝑧𝑖 >  𝑧𝑐
 ,   (7) 
where 𝑎𝑤 is the strength of the interaction between the DPD particles and the surfaces, chosen 
equal to 𝑎𝑤 = 70.0 for the bead of the polymer chains adsorbed on the walls, and 𝑎𝑤 =
140.0 for all other types particles; the cutoff distance is 𝑧𝑐 = 1.0. We chose those values of 
𝑎𝑤 to promote the adsorption of only the “heads” of the polymer chains on the surfaces, 
whose interaction with the walls is less repulsive (i.e., attractive) than the interaction of the 
rest of the beads in the chains with the walls. Only the conservative forces in equations (2), 
(6) and (7) are used in the calculation of thermodynamics properties, as it has been shown 
[38] that the dissipative and random forces (equations (3) and (4), respectively) do not 
contribute. All our simulations are performed in reduced units, with (𝑘𝐵𝑇)
∗ = 𝑚∗ = 𝑟𝑐
∗ = 1, 
t*=0.01. The time step t is reduced with 𝛿𝑡 = (𝑚𝑟𝑐
2 𝑘𝐵𝑇⁄ )
1 2⁄ 𝛿𝑡∗, where m is the mass of 
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a DPD particle, while energy is reduced with kBT. Using the mass of three water molecules 
per DPD particle, at room temperature, one obtains 𝛿𝑡 ≈ (6.3 × 10−12s)𝛿𝑡∗. All simulations 
are performed in the canonical ensemble, at constant particle number (N), volume of the 
simulation box (V) and temperature, using periodic boundary conditions on the xy – plane 
but not in the z – direction. The positions and momenta of the particles are determined using 
the velocity Verlet algorithm adapted to the DPD model [39]. Non – equilibrium, stationary 
flow conditions were modeled by imposing a constant velocity (𝑣0) to the beads adsorbed on 
the surfaces, of equal magnitude but opposite direction with respect to the other surface, see 
Fig. 1(c).   
 
Fig. 1. (Color online) Schematic illustration of the setup used for our non – equilibrium simulations. (a) The 
coarse – grained model for erukamide used in this work. The circles represent the various types of DPD beads. 
The circle in blue represents the bead grafted to the surface. (b) Model for the erukamide brush; only one bead 
9 
 
per molecule is physically adsorbed on the surface. (c) A snapshot of the brushes under steady flow; v0 is the 
shear velocity imposed on the adsorbed beads of erukamide; D is the distance between the surfaces, which is 
kept constant. The solvent is omitted for clarity. 
 
To predict values of the friction coefficient and viscosity one needs to perform non – 
equilibrium computer simulations where a steady external flow is applied to a confined fluid, 
as illustrated in Fig. 1(c). For the calculation of the COF (𝜇) we used the equation 𝜇 =
〈𝐹𝑥(?̇?)〉 〈𝐹𝑧(?̇?)〉⁄ , see, for example, reference [40], where 𝐹𝑥(?̇?) represents the magnitude of 
the force on the particles grafted onto each surface along the direction of the shear rate, ?̇?, 
and 𝐹𝑧(?̇?) is the magnitude of the force on these particles, acting perpendicularly to the 
surfaces. The brackets indicate the time average of the forces. The viscosity () in the middle 
of the pore defined by the walls is obtained from the relation 𝜂 =
〈𝐹𝑥(?̇?)〉 𝐴⁄
?̇?
, where A is the 
transversal area of the surface on which polymers are grafted [40]. The shear rate ?̇? is equal 
to 2𝑣0 𝐷⁄ , where D is the separation between the surfaces, which is kept constant. The factor 
of 2 in the shear rate arises from the fact that both surfaces are moving, rather than only one. 
Using this model of polymer brushes under the influence of an external flow (Couette flow) 
has been shown to lead to the correct prediction of scaling exponents, among other 
phenomena [41, 42]. Another advantage of DPD is that its thermostat, defined by the 
dissipative and random forces, remains stable even under non – equilibrium conditions [43]. 
The simulations were run for at least 102 blocks of 2×104 time steps, with the first 40 blocks 
used to reach equilibrium and the rest used for the production phase. The dimensions of the 
simulation box in all cases were 44×44×4; the total density of the system (chains and solvent) 
was fixed at 3, and the shear velocity was set at v0=1.0, all in reduced DPD units. Two sets 
of simulations were carried out; in one of them the number of polymer chains adsorbed per 
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unit area () was increased, and the COF and viscosity were calculated for each value of . 
In the other, a constant number of polymer chains (600) was added to the previous system, 
but these chains were not allowed to adsorb on the surfaces and form brushes.  
III Results and Discussion 
We begin by presenting the results for the case where the erukamide chains are only forming 
polymer brushes. Figure 2(a) shows the COF and viscosity of the confined fluid as functions 
of the grafting density, where the value of the COF is seen to drop substantially at certain 
values of , with  following qualitatively such non – monotonic behavior. In particular, 
raising the grafting density from  = 0.088 to  = 0.1875 leads to a drop in the COF from 
0.30 to 0.02; further increasing of  to 0.20 increases the COF up to 0.38. When  is equal 
to or larger than 0.40 the COF behaves monotonically, reaching an equilibrium value of about 
0.31.  
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Fig. 2. (a) Coefficient of friction (COF, solid squares) and viscosity (solid circles) of two opposing linear 
polymer brushes as models of erukamide, as functions of the polymer grafting density (). (b) The averaged 
forces along the flow direction (〈𝐹𝑥〉, solid circles) and perpendicularly to it (〈𝐹𝑧〉, solid squares), respectively, 
as functions of . The dotted lines are only guides for the eye. All quantities are reported in reduced DPD units. 
To trace the origin for such behavior in the rheological properties of the fluid we plot in Fig. 
2(b) the average value of the forces along the direction of the flow (〈𝐹𝑥〉), and perpendicularly 
to it (〈𝐹𝑧〉). While the force along the z – direction is seen to increase monotonically with , 
the force along the flow direction shows fluctuations at low values of the grafting density. 
Since the COF is defined as the ratio of these forces, those fluctuations must be due to the 
fluctuation of 〈𝐹𝑥〉 on . It must be stressed that these are the resulting averaged forces 
measured on fully equilibrated systems over long periods; the simulations were monitored 
over 0.06 s and the trends observed in Fig. 2 remained unchanged. For values of the grafting 
density equal or larger than 0.40 Fig. 2(b) shows that the mean force along the flow direction 
(〈𝐹𝑥〉) grows at approximately the same rate with  as does the mean force in the 
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perpendicular direction, (〈𝐹𝑧〉), which is why the COF remains approximately constant for  
≥ 0.40, as shown in Fig. 2(a).  
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Fig. 3. (Color online) Profiles of the averaged component of the velocity along the direction of the flow of the 
erukamide beads not adsorbed on the surfaces (yellow beads in Fig. 1(a)), as a function of the direction 
perpendicular to the surfaces. The circles and squares represent cases where the COF is minimum while the 
lines correspond to grafting densities where the COF is maximum.  
Additional quantitative information can be obtained from the velocity profiles, which are 
found in Fig. 3. Four values of are shown in Fig. 3, representing the average values of the 
x – component of the velocity of the beads that are not adsorbed on the surfaces (yellow beads 
in Fig. 1(a)) along the direction perpendicular to the surfaces, vx(z). The solid and dashed 
lines represent the velocity profiles at grafting densities that produce relatively large values 
of the COF, see Fig. 2(a), while the symbols are cases where the COF is minimum.  For the 
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cases represented by lines one notices that in the middle of the pore the profiles are linear, as 
expected for Couette flow [40], and closer to the walls they reach the value of the shear 
velocity imposed on the surfaces, see Fig. 1(c). The velocity profiles shown by symbols in 
Fig. 3 correspond to grafting densities that lead to minima in the COF, and they clearly do 
not show a constant velocity gradient in the middle of the pore defined by the parallel walls. 
The oscillations seen in those profiles are due to the lack of uniformity in the formation of 
overlapping brushes on opposite surfaces, and they manifest themselves as minima in Fig. 2.  
In Fig. 4(a) we present snapshots of DPD simulations of polymer chains under flow, see Fig. 
1(a), forming brushes on parallel plane surfaces at four values of the chains’ grafting density. 
Firstly, one distinguishes domains of erukamide adsorbed on the surfaces. The cases with  
= 0.1875 and  = 0.25 correspond to the minima in the COF seen in Fig. 2(a). As Fig. 4(a) 
shows, for those two cases most of the chains forming brushes on one surface do not have an 
opposite brush on the same spot on the other surface. Therefore, there is no overlap between 
the brushes and the friction in those cases originates only from collisions between the chains 
with the solvent, and from chain – chain interactions within the brushes.  That is the reason 
why the COF drops drastically at certain values of and it explains also the behavior of 〈𝐹𝑥〉 
in Fig. 2(b). On the other hand, when the brushes on one surface overlap with the brushes on 
the opposite surface, as seen in the snapshots for  = 0.20 and  = 0.40 in Fig. 4(a), the COF 
attains a larger and almost constant value, as observed in Fig. 2(a) for  ≥ 0.40. In these cases, 
the viscosity grows monotonically with , as a consequence of the entanglement between 
opposing brushes [24, 27]. Another salient feature of Fig. 4(a) is that a relatively small 
difference in  can lead to markedly different values of the friction coefficient, e.g. when 
increasing  from 0.1875 to 0.20 the COF goes from 0.01 up to 0.38, see Fig. 2(a). This is a 
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consequence of physical adsorption of the chains on the walls, which allows the chains to 
move toward each other on the plane of the surfaces and adsorb as a cluster, thereby reducing 
their free energy.  
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Fig. 4. (Color online) (a) Snapshots of the Couette flow simulations of erukamide brushes on parallel surfaces 
at four different values of erukamide chains per surface unit area, . The blue beads represent the “heads” of 
the erukamide chains grafted to the surfaces (not shown); see Fig. 1(a) for the color code. The simulation box 
is illustrated by the parallelepiped in black line. The direction of the shear is indicated by the black (top face of 
the box) and red (bottom face of box) arrows. Notice that for the cases with  = 0.1875 and  = 0.25 most of 
the brushes on one surface do not have an opposing brush to overlap with on the opposite surface. The solvent 
was removed for clarity. (b) Density profiles of the brushes (blue line) and the solvent (red line) under flow at 
the four values of the grafting density shown in Fig. 4(a).  
 
The density profiles corresponding to the four cases presented in Fig. 3 are shown in Fig. 
4(b); the profiles of the solvent are shown in addition to those of the chains. The peaks closest 
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to the surfaces represent the “heads” of the chains that are adsorbed onto them. It is important 
to note that the solvent penetrates the brush in all cases, although there are fewer solvent 
particles as the grafting density is increased. This is due to the relatively short distance 
between the surfaces; even at the largest grafting density shown in Fig. 4(b) the solvent’s 
density profile has maxima close to the surface, indicating the penetration of solvent particles 
into the brush. As the erukamide grafting density is increased the solvent density must be 
reduced, to keep the total density constant, but even at relatively large values of the solvent 
penetrates the brush and in doing so it plays a lubricating role.   
Let us now proceed to the case where there are free erukamide chains in addition to those 
forming brushes on the surfaces. Figure 5(a) shows the behavior of the COF and the viscosity 
in the middle of the pore as functions of the number of chains forming brushes per unit area. 
The number of free molecules was fixed in all cases at 600 erukamide chains. The COF 
shows markedly different behavior with respect to the one where there are only brushes, see 
Fig. 2(a); in particular, the COF starts at a relatively large value and then decreases until it 
reaches a plateau at about  = 0.29, which is comparable with that shown in Fig. 2(a). No 
oscillations are found when some of the erukamide molecules are allowed to desorb and 
move freely within the pore, in addition to the chains forming brushes. When  is large the 
surfaces are covered uniformly by brushes, with the extra free chains overlapping with the 
brushes and the solvent, which leads to the same limiting value of the COF. The viscosity 
grows monotonically as  is increased, reaching almost the same value as in the brush – only 
case at the comparable value of . The maximum value of  that can be reached is smaller 
than in the pure brush case because some of the chains are detached from the surfaces in this 
case and the global density is kept constant. 
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Fig. 5. (a) Coefficient of friction (COF) and viscosity () of two opposing linear polymer brushes as 
models of erukamide, as functions of the polymer grafting density (). In addition to the brushes, 
there is a fixed concentration of free (not grafted) erukamide molecules, which is the same for all data 
shown here. (b) Average force along the flow direction (left y – axis) and perpendicularly to it (right 
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y – axis). The dotted lines are only guides for the eye. All quantities are reported in reduced DPD 
units. 
In Fig. 5(b) we present the average forces along the direction of the external flow, 〈𝐹𝑥〉, and 
perpendicularly to it, 〈𝐹𝑧〉, both showing monotonic increase in contrast with the trends seen 
in Fig. 2(b). At grafting densities larger than about 0.3 both forces increase with  at 
approximately the same rate, which explains why the COF reaches a plateau. The increase in 
〈𝐹𝑥〉, see Fig. 5(b), is responsible for the equivalently similar behavior of the viscosity as  
is increased.  
0 1 2 3 4
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
 
 
v
x
(z
)
z
 
    = 0.25
    = 0.40
    = 0.55
 
Fig. 6. (Color online) Velocity profiles along the direction of the flow of the beads that make up the 
erukamide chain (yellow beads in Fig 1(a)), corresponding to four different grafting densities. All 
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chains are taken into account, i.e. those that are not adsorbed on the surfaces as well as those forming 
brushes.  
The velocity profiles of some of the cases shown in Fig. 5 are presented in Fig. 6, in particular, 
the velocity profiles of the beads in yellow in Fig. 1(a), which are typical of Couette flow 
[34, 40, 42], as expected for polymer brushes under the influence of linear stationary flow. 
At small values of the grafting density,  = 0.088 and  = 0.25, one observes by extrapolating 
the velocity gradient in the center of the gap to the surfaces that the fluid composed of the 
beads that make up the brushes and the free chains also never reaches the velocity of the 
surfaces. This corresponds to the case of finite slip boundary condition [27, 44]. For larger 
grafting densities ( = 0.40 and 0.55) the velocity profiles are very similar and show that the 
brush and free chain beads do reach the substrates’ velocity at a distance of about z ≈ 1 from 
each wall. These are examples of stick boundary conditions; the trends found here at small 
and large grafting densities are in agreement with those found with other methods [26, 27]. 
The snapshots in Fig. 7(a) show the formation of brushes entangled with those on the opposite 
surface, leading to the uniform behavior of the COF shown in Fig. 5(a). The extra chains, 
i.e., those that move freely between the surfaces become intertwined with the brush chains 
and they act as a homogenizing agent that contributes to the overlapping of the brushes from 
opposite surfaces. This is particularly clear for the snapshot corresponding to  = 0.25 in Fig. 
7(a), which is to be compared with the snapshot at the same grafting density for brushes only, 
shown in Fig. 4(a). The addition of free chains promotes the association of the domains of 
adsorbed chains on opposite surfaces and that in turn leads to an increase in the COF, from 
about 0.01 for pure brushes (Fig. 2(a)), up to 0.36 when free chains are added, see Fig. 5(a). 
These trends are in agreement with those found by Yerushalmi – Rozen and Klein [18] who 
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found that thin liquid films are stable when free chains are added to polymer brushes whereas 
without the free polymers the films dewet the surfaces. Even at relatively low grafting 
densities, e. g.  = 0.25 in Fig. 7, the free chains couple with the brush chains to enhance the 
stability of the films, as suggested by Safran and Klein [19]. 
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Fig. 7. (a) Snapshots of the simulations of erukamide chains moving freely within the surfaces in 
addition to those forming brushes, at four grafting densities. The simulation box is indicated by the 
parallelepiped in black line. The direction of the shear is indicated by the black (top face of the 
simulation box) and red (bottom face of the box) arrows. The free chains are entangled with the 
brushes. (b) Density profiles of two opposing linear polymer brushes as models of erukamide, as 
functions of the polymer grafting density (). In addition to the brushes, there is a fixed concentration 
of free (not grafted) erukamide molecules, which is the same for all data shown here (600 chains in 
all cases). All quantities are reported in reduced DPD units. 
The density profiles of the brushes plus free chains, see Fig. 7(b), are qualitatively similar to 
those of the system with brushes only, except the maxima in the chains profiles are wider and 
larger because they include the free chains as well. Comparing in particular the density 
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profiles for  = 0.25 with those for the case with no free chains at the same grafting density, 
Fig. 4(b), shows that the free chains penetrate the brush, since the maxima are larger in Fig. 
7(b). Moreover, the brush profile in the center of the pore (z = 2) does not show a peak of 
relative height larger than the rest of the maxima, as would be expected if the brush expelled 
the free chains to the center of the pore. It appears the free chains are homogeneously 
distributed within the brushes, since all the profiles in Fig. 7(b) are symmetrical, which keeps 
the COF at an almost constant value. A slight asymmetry is seen in the chains’ density profile 
for  = 0.25, since the peak corresponding to the beads closest to the right wall (not the 
grafted beads) is somewhat larger than that corresponding to the beads closest to the left wall. 
This small asymmetry is also responsible for the slight asymmetry in the velocity profile 
corresponding to  = 0.25, see red line in Fig. 6. The solvent plays a lubricating role, as it 
penetrates the brushes even at the largest grafting densities, and this aspect determines to a 
large extent the value that the COF acquires, for it has been shown that implicit – solvent 
simulations of brushes and those of “dry” brushes predict larger values of the COF [45].   
These trends compare reasonably well with experimental reports on erukamide brushes [15 
– 17]. In particular, Ramirez and co – workers [16] found that polyethylene surfaces covered 
with erukamide showed a reduction of the COF as the erukamide concentration was 
increased, until the COF acquired an almost constant value (~ 0.27), in good agreement with 
our predictions, as shown in Fig. 5(a).  In those experiments, the minimum COF is first 
obtained starting at an amide concentration of about 0.2 g/cm2, which translates into about 
3 amide chains/nm2, assuming all the amide chains at this concentration form brushes and do 
not desorb. In our simulations, this occurs when the erukamide concentration is 1.3 
chains/nm2, which suggests that in the experiments about half of the added amides form 
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brushes and the rest desorb and associate in agglomerates, providing added lubrication to the 
surfaces. This coupling of the free chains with the brushes is found to promote the stability 
of the film, as seen by the behavior of the COF as a function of polymer grafting density () 
in Fig. 5(a), which reaches an approximately constant value at relatively small , in 
agreement with various experimental studies [18 – 20].  
 
Fig. 8. Comparison of the average force perpendicular to the surfaces (〈𝐹𝑧〉) as a function of the brush 
grafting density () for the case when all polymer chains form brushes (solid squares), and when there 
are free chains in addition to brushes (solid circles). The dashed line is the fit to the Alexander – de 
Gennes (AdG) scaling equation of the osmotic pressure for brushes [46], which coincides with Kreer 
and Balko’s (KB) prediction [47] under theta solvent conditions (our case here). All quantities are 
reported in reduced DPD units. 
10
-1
10
0
10
0
10
1
10
2
 AdG, KB  theta solvent ( = 0.5)
 
 
<
F
z>
 (
1
0
3
)

 Brushes
 Brushes + free chains
24 
 
Lastly, in Fig. 8 we show the comparison of the average force perpendicular to the surfaces 
onto which the brushes are physisorbed for both cases studied here: when the erukamide 
chains all form brushes (solid squares in Fig. 8), and when a fraction of them is free and the 
rest is forming brushes (solid circles in Fig. 8). One notices that the forces almost overlap, in 
agreement with experiments on sheared brushes with and without free chains [20]. The 
dashed line in Fig. 8 represents the fit of the data to the Alexander – de Gennes (AdG) scaling 
of the osmotic pressure (P) between parallel plates separated by a distance D, covered with 
polymer brushes [46]:  
𝑃(𝐷) =
〈𝐹𝑧〉
𝐴
= (𝑘𝐵𝑇)𝑓(𝑎, 𝐷, 𝑁)Γ
𝑦   (8) 
where A is the area of the surfaces on which the chains are grafted; f(a,D,N) is a function that 
depends on the monomer size (a), polymerization degree (N), and D but does not depend on 
. For fixed distance between the surfaces and polymerization degree (our case in this study), 
f(a,D,N) is a constant as a function of grafting density. The exponent y is related to the scaling 
exponent () of the Flory radius RF of a polymer chain with N monomers, 𝑅𝐹~𝑁
𝜈 according 
to the relation [48]: 
𝑦 =
3𝜈
3𝜈−1
 .    (9) 
Under theta solvent conditions (our case), =0.5 and y = 3 [49]. The AdG scaling theory 
assumes a step – like density profile for the unperturbed brush and that the brushes do not 
interdigitate, which are known to be overly simplifying assumptions in actual polymer 
brushes [47, 50], see Figs. 4(b) and 7(b). In particular, in a recent report [47], Kreer and Balko 
develop a scaling theory for moderately compressed polymer brush bilayers, which allows 
for the interpenetration of the brushes. Their resulting force perpendicular to the surfaces can 
be written as follows [47]: 
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〈𝐹𝑧〉
𝐴
= (𝑘𝐵𝑇)𝑔(𝑎, 𝐷, 𝑁)Γ
𝑦´ ,    (10) 
where 𝑔 is a function that depends on the monomer size, distance between the surfaces and 
the polymerization degree, but when those three variables are constant, 𝑔 is also constant 
[47]. The exponent y´ of the grafting density in eq. (10) is defined as:  
𝑦´ =
2+5𝜈
3(3𝜈−1)
.    (11) 
Although the exponent defined by eq. (11) is different in general from that given by eq. (9), 
they both lead to the same result for brushes under theta solvent conditions ( = 0.5), namely 
y = y´= 3 [51].  Fig. 8 shows that the fit to the scaling is rather good; additionally, the force 
between brushes with or without free chains is almost the same. Although those scaling 
theories were develop for brushes in equilibrium, Deng et al. [44] have shown using also the 
DPD model that the density profile and equilibrium length of polymer brushes is not affected 
by the application of shear, regardless of grafting density. It can be concluded that the 
interpenetration of the brushes is not the leading factor affecting the force between brushes 
when the chain grafting density is increased, at constant intermediate compression and fixed 
shear rate. Other factors are expected to be more influential, such as the polymerization 
degree and the compression degree [47]. Although bond crossing between polymer chains is 
possible in the standard DPD model, the parameters used for the harmonic force that bonds 
neighboring beads in a chain, equation (6), have been tested to prevent such crossings. 
However, the erukamide chains we have modeled are too short to display reptation – like 
motion, therefore entanglement effects are not present here [25]. 
IV Conclusions 
The role played by erukamide chains as models for friction reducing agents has been studied 
here using mesoscopic scale computer simulations. It has been shown that the friction 
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coefficient and viscosity η as functions of the number of chains grafted on the surfaces, under 
the influence of stationary Couette flow can be obtained reliably using this approach. The 
COF reaches an approximately constant value of about 0.31 for erukamide chains forming 
brushes, and 0.29 when free chains coexist with the brushes. These limiting values of the 
COF are found to be in agreement with experimental reports. The predicted increase in the 
average force perpendicular to the surfaces with grafting density, at fixed shear rate, can be 
accurately obtained from scaling theories of the osmotic pressure for polymer brushes, and it 
follows the same trend when free chains are added to the brushes. The role played by the 
explicitly included solvent and by the freely moving polymer chains is crucial not only for 
the lowering of the COF, but also for its reaching a stable value. Our work shows also that in 
the modeling of migrating polymer chains to the surfaces of a polymer matrix, as in the 
production of plastic bags, it is important to include desorbed, free chains simultaneously 
with those forming brushes. This provides a mechanism that promotes the stability of the 
film formed between the surfaces, which responds to the shear with an almost constant COF, 
through the coupling of the brushes and the free chains, in agreement with experimental 
reports [18 – 20]. Not adding free chains to the brushes may lead to the rupture of the film 
formed between them, which is detrimental for the intended role of erukamide as a slip agent; 
additionally the chains’ desorption and liberation is an unavoidable and integral part of the 
chain migration process within the plastic matrix. Finally, we have shown that even if the 
film between the surfaces thickens with increasing grafting density (i.e., growing viscosity), 
that does not translate necessarily into a growing COF; this aspect has important applications 
in the polymer industry.  
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Appendix 
Here we provide full details of the conservative interactions chosen for the modeling of the 
erukamide brushes in air as the solvent. The nomenclature is defined in Fig.A1. The red beads 
(labelled as 1) represent monomeric solvent particles, while the erukamide chain is made up 
of eight beads joined by harmonic springs, see equation (6). Atomically detailed density 
functional theoretical calculations [52] have shown that the erukamide chains “bend” at the 
site of the double bond.  The spring constants are 0 = 100.0 and r0 = 0.7 in all cases, except 
for bead type 4, where 0 = 10.0 to incorporate the different nature of the bead that includes 
the double bond at the coarse grained level; its equilibrium position remains r0 = 0.7. The 
interaction constant between the surface and the rest of the fluid, aw in equation (7), is aw = 
70.0 for the bead type 2; for bead types 1, 3 and 4 aw = 140.0, in reduced DPD units. With 
these choices of interactions bead 2 is naturally adsorbed on the surfaces: although these 
interactions are repulsive, the one between the surface and bead 2 is less repulsive than those 
between the surface and the rest of the beads, which translates into an attractive interaction.  
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Fig. A1. (Color online) The labelling of the different types of DPD beads used in the simulations 
reported in this work. The (red) bead labelled 1 represents the solvent particles. Bead 2 (in blue) is 
the part of the erukamide chain that is adsorbed on the surfaces, while beads 3 and 4 constitute the 
brushes. 
The values of the DPD conservative force constant between any pair of particles, aij in 
equation (2) are presented in Table A1. The coarse graining degree used in this work and 
shown in Fig. A1 is such that each DPD bead has the equivalent volume of three water 
molecules, i.e., 𝑉𝑏 ≈ 90Å
3. To model appropriately the actual applications of erukamide as 
slip agents in plastic bag production, the solvent in this work is air. As is well known, the 
DPD equation of state is definite positive [33], therefore it does not allow liquid – vapor 
phase transitions. Although it is possible to modify the DPD equation of state so that it does 
predict liquid – vapor transitions [53], it is not necessary to do so here because in the problem 
that is the focus of this work there are no phase transitions of that kind: all simulations 
reported in this work were performed at constant density and temperature. There is only the 
coexistence of the polymer chains and the solvent particles, which can be adequately modeled 
as presented here.  
Table A1. Matrix of the conservative interaction constant between DPD beads of different types, as 
defined in Fig. A1. 
aij 1 2 3 4 
1 78.0 189.0 160.0 179.0 
2  78.0 78.0 85.0 
3   78.0 85.0 
4    78.0 
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The values of the force constants, for interactions between particles of different type, 
presented in Table A1, were chosen keeping in mind that the erukamide chain has hydrophilic 
character when dissolved in water, hence when it interacts with air, the latter acts as a theta 
solvent for such polymer. For particles of the same type we followed the procedure laid out 
by Groot and Warren [36], using the Flory – Huggins model for the case when the DPD 
coarse – graining degree is three, which leads to 𝑎𝑖𝑗 = 78. 
References 
[1] A. Nomura, K. Ohno, T. Fukuda T. Sato and Y. Tsujii, Pol. Chem. 3, 148 (2012).  
[2] R. M. Bielecki, E. M. Benneti, D. Kumar and N. D. Spencer, Tribol. Lett. 45, 477 (2012). 
[3] N. D. Spencer, Tribology Online 9, 143 (2014). 
[4] M. Kobayashi, Y. Terayama, N. Hosaka, M. Kaido, A. Suzuki, N. Yamada , N. Torikai, 
K. Ishihara and A. Takahara, Soft Matter 3, 740 (2003). 
[5] B. Zappone,  M. Ruths, G. W. Greene, G. D. Jay, J. N. Israelachvili, Biophys. J. 92, 1693 
(2007). 
[6] G. W. Greene, X. Banquy, D. W. Lee, D. D. Lowrey, J. Yu, and J. N. Israelachvili, PNAS 
108, 5255 (2011). 
[7] M. Kyomoto, T. Moro, K. Saiga, M. Hashimoto, H. Ito, H. Kawaguchi, Y. Takatori and 
K. Ishihara, Biomaterials 33, 4451 (2012).  
[8] J. Klein, E. Kumacheva, D. Mahalu, D. Perahia and L. J. Fetters, Nature 370, 634 (1994). 
30 
 
[9] T. Little, M. Freeman and A. Swanson, Experiments on friction in the human hip joint. 
In Lubrication and Wear in Joints. Wright V, Ed. London: Sector Publishing, 1969: 110–
116. 
[10] C. Meng, W. H. Briscoe, S. P. Armes and J. Klein, Science 323, 1698 (2009). 
[11] G. Wypych, Handbook of Antiblocking, Release, and Slip Additives., ChemTec 
Publishing, 2005. 
[12] L. Walp and H. Tomlinson, J. Plastic Films & Sheeting 20, 275 (2004). 
[13] A. S. Rawls and D. E. Hirt, J. Vinyl & Additive Tech. 8, 130 (2002). 
[14] A. V. Janorkar and D. E. Hirt, Pol. Eng. Sci. 44, 34 (2004). 
[15] M. X. Ramirez, D. E. Hirt and L. L.Wright, Nano Lett. 2, 9 (2002). 
[16] M. X. Ramirez, K. B. Walters, D. E. Hirt, J.  Vinyl & Additive Tech. 11, 9 (2005). 
[17] N. M. Molnar, J. American Oil Chemist Society 51, 84 (1974). 
[18] R. Yerushlami-Rozen, J. Klein, Langmuir 11, 2806 (1995). 
[19] S. A. Safran, J. Klein, J. Phys. II 5, 749 (1993). 
[20] E. Eiser, J. Klein, Macromolecules 40, 8455 (2007). 
[21] G. S. Grest, Phys. Rev. Lett. 76, 4979 (1996). 
[22] T. Kreer, M. H. Müser, K. Binder and J. Klein, Langmuir 17, 7804 (2001). 
[23] E. Filippidi, V. Michailidou, B. Loppinet, J. Rühe and G. Fytas, Langmuir 23, 5139 
(2007). 
31 
 
[24] F. Goujon, P. Malfreyt and D. J. Tildesley, Macromolecules 42, 4310 (2009). 
[25] F. Goujon, P. Malfreyt and D. J. Tildesley, J. Chem. Phys. 129, 034902 (2008). 
[26] F. Goujon, P. Malfreyt and D. J. Tildesley, Soft Matter 6, 3472 (2010). 
[27] C. Pastorino, K. Binder, T. Kreer, M. Müller, J. Chem. Phys. 124, 064902 (2006). 
[28] L. G. MacDowell and M. Müller, J Chem. Phys. 124, 084907 (2006). 
[29] M. W. Matsen, J. Chem. Phys. 117, 2351 (2002). 
[30] M. Müller and L. G. MacDowell, Europhys. Lett. 55, 221 (2001). 
[31] A. M. Skvorstov, A. A. Gorbunov, F. A. M. Leermakers and G. J. Fleers, 
Macromolecules 32, 2004 (1999). 
[32] P. J. Hoogerbrugge and J. M. V. A. Koelman, Europhys. Lett. 19, 155 (1992). 
[33] P. Español and P. Warren, Europhys. Lett. 30, 191 (1995). 
[34] C. Pastorino and A. Gama Goicochea, in Selected Topics of Computational and 
Experimental Fluid Mechanics, J. Klapp, G. Ruíz, A. Medina, A. López & L. Di G. Sigalotti 
(Eds.). Springer, 281 (2015).  
[35] T. Murtola, A. Bunker, I. Vattulainen, M. Deserno, M. Karttunen, Phys. Chem. Chem. 
Phys. 11, 1869 (2009). 
[36] R. D. Groot and P. B. Warren, J. Chem. Phys. 107, 4423 (1997). 
[37] A. A. Gama Goicochea, M. Romero-Bastida, R. López-Rendón, Mol. Phys. 105, 2375 
(2007).  
32 
 
[38] A. Gama Goicochea, M. A. Balderas Altamirano, J. D. Hernández, E. Pérez, Comp. 
Phys. Comm. 188, 76 (2015).  
[39] I. Vattulainen, M. Karttunen, G. Besold, J. M. Polson, J. Chem. Phys. 116, 3967 (2002). 
[40] C. W. Macosko, Rheology Principles, Measurements, and Applications, Wiley – VCH, 
1994.  
[41] A. Galuschko, L. Spirin, T. Kreer, A. Johner, C. Pastorino, J. Wittmer, J. Baschnagel, 
Langmuir 26, 6418 (2010).  
[42] A. Gama Goicochea, E. Mayoral, J. Klapp, and C. Pastorino. Soft Matter 10, 166 (2014). 
[43] C. Pastorino, T. Kreer, M. Müller, K. Binder, Phys. Rev. E 76, 026706 (2007).  
[44] M. Deng, X. Li, H. Liang, B. Caswell, G. E. Karniadakis, J. Fluid Mech. 711, 192 
(2012). 
[45] F. Goujon, P. Malfreyt, D. J. Tildesley, Mol. Phys. 103, 2675 (2005). 
[46] J. N. Israelachvili, Intermolecular and Surface Forces, Academic Press, third edition, 
U. S. A.,  2011. 
[47] T. Kreer, S. M. Balko, ACS Macro Lett. 2, 944 (2013).  
[48] J. des Cloizeaux, J. Phys. (Paris) 36, 281 (1975). 
[49] A. Naji, C. Seidel, R. R. Netz, Adv. Polym. Sci. 198, 149 (2006). 
[50] S. T. Milner, T. A. Witten and M. E. Cates, Europhys. Lett. 5, 413 (1988). 
33 
 
[51] The fitting of the force data in Fig. 8 for good solvent conditions ( = 0.588), which is 
not included here, does not lead to notable differences between the AdG (see ref. [46]) and 
KB [47] predictions either. 
[52] J. D. Hernández Velázquez, private communication. 
[53] P. B. Warren, Phys. Rev. B 68, 066702 (2003). 
 
  
34 
 
GRAPHICAL ABSTRACT 
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